The decay of magneto-plasma into neutrino anti-neutrino pair (Γ −→ ν + ν) has been studied in the framework of the electro-weak interaction theory. The decay rate is calculated from two Feynman diagrams with the exchange of both Z and W bosons. The expression for the energy-loss rate is obtained for both non-relativistic as well as extreme-relativistic case and from this expression it is examined whether the process will have any importance during the evolution of star. The neutrino luminosity has also been computed for a neutron star. A comparative study between the decay of magneto-plasma and the ordinary plasma neutrino process has been outlined in view of the cooling of highly magnetized star. The effect of this process in the different regions during the late stages of stellar evolution is discussed briefly.
Introduction:
The emissions of the neutrino from the stellar core during the late stages of the evolution of star take place via different processes. It is now evident that neutrino energy may be the dominant source of energy in that stage, though the energy carried by the neutrino flux not traditionally been associated with problem of energy transport in stars. In the high density and temperature the neutrino emission might be more effective than the ordinary electromagnetic emission due to the extremely large mean free path of the neutrino. Three important processes occurring in the stellar core are photo-neutrino process (γ + e − −→ e − + ν + ν), bremsstrahlung process (e − + [A, Z] −→ e − + [A, Z] + ν + ν) and plasma neutrino process (Γ −→ ν + ν), though there are few other processes which may have important role during stellar evolution. In 1972 Dicus [1] and in 1996 Itoh et al. [2] have discussed about some of those processes in the framework of electro-weak theory. It cannot be said specifically that a single process is dominating over all other, rather a particular process is much effective at a particular region. We have already considered two important neutrino emission processes, photo-coulomb neutrino process and neutrino synchrotron emission [3, 4] , according to a minimum extension of Standard Model (in terms of neutrino mass) and discussed their role in the stellar evolution. These two processes were considered earlier by means of current current coupling theory [5] and photon neutrino weak coupling theory [6, 7] , but a review was required in view of the Standard Model and the neutrino mass [8] . The neutrino mass plays an important role in some processes [9, 10] , though it is very small and most of the time does not affect the neutrino emission process.
In this paper we are going to discuss about the plasma neutrino process in presence of constant homogeneous magnetic field. The ordinary plasmon decay into neutrino anti-neutrino pair is widely discussed [11, 12, 13] topic and it is believed to be one of the important mechanisms that is responsible for carrying away the energy from the stellar core. The neutrino emission from isotropic stellar plasma was considered earlier by Adams et al. [14] . After that it was studied by Braaten and Segel [15] to do some modifications in the calculations.
But in the astrophysical considerations there exist so many highly magnetized environments where the decay of plasma may take place with some significant effect. In 1969 Canuto et al. [16, 17] considered the plasma neutrino process in a strong magnetic field. A consistent study of the magnetized plasma neutrino process with the inclusion of axial vector current was carried out by Kennett and Melrose [18] . It is to be pointed here that in the presence of magnetic field even photon itself can be split up into neutrino anti -neutrino pair in vacuum [19, 20, 21] , though we have not considered this phenomenon in this paper. Here we have performed a brief study of the plasmon decay with the influence of magnetic field and its possible implications in the stars having high core temperature, density and magnetic field. The process we have followed will be no longer valid if the magnetic field is very feeble compared to the critical magnetic field; this process will be applicable only when the magnetic field strength is very high. In this context we have also indicated the possible region where this process might have some effect.
Calculation of the Decay Rate
In principle the photon cannot decay into neutrino antineutrino pair as the decay of massless particle into a pair of massive particles is not possible due to the energy and momentum conservation law; but the electromagnetic wave in the plasma behaves differently from that in vacuum. The plasma, present in the stellar core contains electrons and positrons; when the dielectric constant of the electron gas becomes less than unity the photon behaves as if it has a rest mass. Classically this rest mass is equal to the plasma frequency of the medium and that is determined by the dispersion relation. The dispersion relation describes that the electromagnetic wave in the plasma, for a given momentum, has an excess energy, which allows the wave to decay into a neutrino pair. The presence of magnetic field produces the anisotropy of plasma for which it is not possible to divide the electromagnetic waves into longitudinal and transverse parts unlike the case of isotropic plasma. In the cold magnetoplasma thermal motion of the particles are neglected since the phase velocity of such wave is much larger than the mean thermal velocity. The dielectric permittivity of the cold magnetoplasma can be written in the following form [23] .
The ω p and ω B are the plasma frequency and cyclotron frequency respectively.
There will be no dissipation in the cold magneto-plasma since the dielectric tensor is hermitian. The dispersion relation can be found out from the following relation:
where,
θ is the angle between the direction of magnetic field and that in which electromagnetic wave propagate. The term η represents the refractive index of the magneto-plasma. Of course it depends on the strength of the magnetic field present. If we ignore the effect of the magnetic field the refractive index will depend only on the plasma frequency. Such kind of refractive index is related to the forward scattering for the propagation of photons in plasma [22] .
To calculate the decay rate let us first construct the scattering amplitude. In Fig-1 and Fig-2 the feynman diagrams for this process have been given. The matrix element can be constructed as follows:
The term Π µρ (k) present in the matrix element represents the response tensor [18] whereas Π µρ A (k) stands for the same, but associated with axial vector part. This axial vector part was not considered by Canuto et al. [16, 17] , but in the paper of Kennett and Melrose [18] it was indicated that this part may play a significant role, but mostly for the case of thermal plasma. In equation (1.5) the terms g A and g V are defined by
for ν µ and ν σ It is quite clear that the term Π µρ (k) arises due to the electron-positron loop present in the diagrams. It will not have any diverging term since the gauge invariancy imposes the restriction
The response tensor depends on the magnetic field as well as four momentum of the photon in plasma. If we able to separate these two parts the response tensor takes the form
Clearly this equation satisfies the gauge invariance restriction (2.6). Note that the dimensionless quantity A = A(H) completely depends only on the magnetic field, not on energy or momentum. With the same argument the term k µ is free from magnetic field. Similarly we can find the expression for the axial vector part. It is almost same as the equation (2.7), only difference is the presence dimensionless term A 5 instead of A. From the equation (2.5) we can obtain the expression for the squared sum of the scattering amplitude with aid of equation (2.7) as given below.
The decay rate is obtained from the following expression.
where N i (i = 1, 2) is twice the mass of the corresponding fermion and S represents the degeneracy factor for the outgoing particles. To carry out the integration in equation (2.10) let us take out the term N ρσ (q 1 , q 2 ) from the expression of Σ | M f i | 2 presented in the equation (2.8) because this is the only term having dependence on final momenta. After evaluating the integration we obtain the following result.
Then inserting this result into the right hand side of the equation (2.12) the decay rate can be simplified as
To obtain the expression for | (g V A + g A A 5 )k 2 | 2 we shall utilize the equation (2.7) and same for the axial vector part bearing the term A 5 . To find the response tensor Π µρ and Π µρ 5 we have used the result of Kennett and Melrose [18] derived in the Appendix. Taking the approximations in both non-relativistic and relativistic case we can calculate the term mentioned above. In the classical approximation for the plasma this expression can be obtained as
13)
Here we have assumed the energy of the photon is low compared to the rest energy of the electron or positron in plasma. If we consider the relativistic and degenerate plasma the term can be approximated as
In the non-relativistic non-degenerate region the above term will take the form as
Clearly the term will be very small compared to that in (2.13) due to the presence of e −me T , since m e ≫ T in that region. Hence we shall not consider the non-degenerate case. Now putting those expressions into (2.12) and also transferring to CGS unit from the natural unit the decay rate is calculated as follows.
Here η * represents the refractive index of the plasma that is free from magnetic influence and so clearly it depends on the plasma frequency but not on the magnetic field. Here the influence due to magnetic field arises due to presence of the term ( H Hc ) 2 in the expression for decay rate. Here the effect of the emissions of all three type of neutrinos have been taken into account, though the W -exchange diagram (Figure-2) will be effective only for the electron type of neutrino. It is quite clear from the equations (2.16) and (2.17) the decay of the magneto-plasma will be no longer possible if the magnetic field is very low. In that case the influence of magnetic field is to be completely ignored and the process is to be considered as ordinary isotropic plasma by dividing it into transverse and longitudinal part, which has already been done earlier [14, 15] .
Calculation of Energy Loss Rate:
The important application of the process under consideration is towards the stellar evolution.
Therefore it is required to calculate how much energy can be released per gram per sec via neutrino emission due to the decay of magneto-plasma. We are going to establish an analytical expression for energy loss rate depending on temperature, density and the magnetic field. Then it would indicate the amount of energy be released from a stellar core belonging to a particular stage of its evolution. We have used here the following relation.
In the above equation the decay rate τ ν depends on magnetic field as well as plasma frequency that itself varies with temperature and density of the medium. The term [eh ω κT −1 ] is introduced in the denominator of the integrand in the above, since the plasmon is a boson; it will have the polarizations 3 unlike the case of photon having the polarizations 2. In our study we are calculating only in the region where the electron gas is degenerate, since in the non-degenerate region the plasma neutrino process is not significant. Finally we obtain an expression for the energy loss rate as follows:
where
From the above expressions it is clear that this process is not much effective in the nonrelativistic region, since the magnetic field is not sufficiently high. Its effect will be significant in the relativistic degenerate region, specially in the temperature above 10 9 K and at the high value of density and magnetic field. We have computed the neutrino luminosity expressed in the unit of solar luminosity (Table-1 ) at the fixed density ρ = 10 15 gm/cc in the temperature range 10 10 ∼ 10 11 K and magnetic field 10 12 ∼ 10 15 G. We have computed the same for the decay of plasma in absence of magnetic field in the same table. It is observed in the above mentioned range (relativistic degenerate) unmagnetized plasma frequency starts to exceeds κT and this phenomenon has to be taken into account. In the Table-1 the bold fonts clearly indicate where the presence of magnetic field becomes important for the plasma neutrino process.
Discussion:
We consider here the plasma neutrino process in presence and absence of magnetic field as two completely independent processes and it is to be concluded that the magnetic field will have any effect only when the former process dominates over the later one. Adams et al. [14] pointed out that the energy loss rate due to the radiation of neutrino -anti neutrino pairs by unmagnetized plasmons is very high in the non-relativistic degenerate region, as much as pair annihilation process. In this region the important stellar objects are the white dwarfs, pre-white dwarfs, Population-II red giants and the massive stars beyond the helium burning stage; the region is characterized by the density ρ ≤ 2 × 10 6 gm/cc and the temperature T < 6 × 10 9 K. Eventually our result would not give any significant contribution in this region as the magnetic field present here is very low compared to the critical value. If we consider the equation (3.2) we observe that the energy loss rate will be high only if the magnetic field is somehow close to 10 13 G, but we know the magnetic field in this region is not higher than 10 10 G. Thus the energy loss rate becomes very small and does not have any effect in the energy loss mechanism. That means in this region the plasma decay process is to be considered in such a way as if the plasma is unmagnetized, i.e. the effect of the magnetic field could not be considered here.
The scenario changes drastically when we consider this process in the degenerate extreme relativistic region. Neutron stars are the most significant stellar objects in this region, though there also exist the pre-supernova stars. In case of unmagnetized plasma the energy-loss rate becomes higher than that due to the pair annihilation process when density is greater than 2 × 10 6 gm/cc; but as per our study the magnetic field has no remarkable influence in this region. It should be close to the critical magnetic field. From the Table- 1 it is quite clear that in the temperature range 10 10 ∼ 10 11 K the neutrino luminosity for the decay of magneto-plasma is very high. Of course the decay of magneto plasma may be considered to be an important energy generation mechanism, specially in this region. When we compare the effect of magneto-plasma decay with respect to that of unmagnetized plasma, we see in the low magnetic field neutron star the later process is much dominating the former, but the first one becomes significant with the increase of magnetic field strength, specially after exceeding the critical value. From Table-1 it is very much clear that the presence of magnetic field will have significant effect in the neutron star when the temperature ≥ 7 × 10 11 K and magnetic field ≥ 10 14 G. It is worth noting that in case of new born neutron star having the core temperature more than 10 11 K the magneto-plasma neutrino process could be more effective than ordinary plasma neutrino process, even below the critical magnetic field. This mechanism, no doubt, in presence of strong magnetic field, plays a crucial role to carry away the energy from stars in the later stages of their evolution. It is, therefore, safely concluded that in presence of very high magnetic field the decay of plasmons might be one of the very important processes for the cooling of neutron stars and magnetars. With magnetic field Without magnetic field 10 12 10 13 10 14 10 15 1 4 · 06 6 · 07 8 · 07 10 · 07 10 · 12 2 4 · 97 6 · 97 8 · 97 10 · 97 10 · 57 3 5 · 50 7 · 50 9 · 50 11 · 50 10 · 61 4 5 · 87 7 · 87 9 · 87 11 · 87 10 · 57 5 6 · 16 8 · 16
10 · 16 12 · 16 10 · 51 6 6 · 40 8 · 40 10 · 40 12 · 40 10 · 46 7 6 · 60 8 · 60
10 · 60 12 · 60 10 · 40 8 6 · 78 8 · 78
10 · 78 12 · 78 10 · 35 9 6 · 93 8 · 93
10 · 93 12 · 93 10 · 30 10 7 · 07 9 · 07 11 · 07 13 · 07 10 · 25 Table 1 : Neutrino luminosity for neutron star(ρ = 10 15 gm/cm 3 , and magnetic field H = 10 12 , 10 13 , 10 14 , 10 15 G) due the decay of plasma in presence and absence of magnetic field respectively in the temperature range 10 10 ∼ 10 11 K. The bold numbers indicate the former dominates over the later. 
